in universal memory and neuromorphic computing [1] [2] [3] . Reducing the switching current, power, and energy of the CB random access memory (CBRAM) cells is crucial for their applications in low-energy computing and electronics. The switching current and energy strongly depend on the size of the cells, and especially on the thickness of the filament formation layer [4] , [5] . Various oxide materials, such as Al 2 O 3 , HfO 2 , and GdO 3 , have been used as switching layer to demonstrate CBRAMs with excellent ON/OFF ratio and endurance [6] . CBRAMs with organic material resistive layer are also fabricated with high reproducibility, fast switching, and scalability [7] . Generally, 2-D kinetic Monte Carlo (KMC) simulation was used to investigate the device forming, reset and set operations, and study the filament morphology in atomic level [8] [9] [10] . Meanwhile, a 3-D KMC simulation and a dynamical switching model were adopted to describe the switching behaviors in the memristor [11] , [12] . However, the set current of those studied devices are limited to above nanoampere, and minimum switching layer thickness is ∼3 nm [6] [7] [8] [9] [10] [11] [12] , which result in relatively large energy dissipation. By using oxidized 2-D materials as the switching layer, atomically thin CBRAM cells have been recently demonstrated [13] . The performance potential and scaling behaviors, as well as variability issues of the atomically thin CBRAM cells, however, remain unclear.
In this paper, atomically thin CBRAM based on oxidized layered hexagonal BN (h-BN) with graphene and metal electrodes are explored by using 3-D KMC simulations. The filament morphology and scaling behaviors of the set and reset voltage, energy, and switching time are explored. The simulation results indicate that the intrinsic filament formation energy can be on the order of attoJoule for the scaled CBRAM cell with a sub-nanometer switching layer. The devices, which are experimentally realized by using oxidized h-BN to achieve sub-nanometer two atomistic layer thick distances between metal electrodes, are characterized to validate the simulation. The difference between conventional CBRAM and the atomically thin CBRAM in terms of filament kinetics in the forming, set, and reset stages is elucidated by the 3-D KMC simulations. The variability of the set and reset voltages, switching time, and intrinsic filament formation energy of the aggressively scaled CBRAM devices are studied and compared to the experimental characterization.
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II. APPROACH
A. Simulation
The 3-D KMC simulation is used to explore the device characteristics of aggressively scaled CB memory devices. The filament is most likely to form in the regions where the oxide hopping sites are abundant. A 3-D cubic grid is used to represent the hopping sites in the amorphous BNO x layer, which is a good approximation in the region where the hopping sites are abundant. The approximation is similar to the rectangular grid used in the previous 2-D KMC simulations, which have been shown to be valid for describing scaling behaviors and modeling experiments.
The ionization, hopping, and reduction rate are described by thermodynamic rates
where E bi,h,r ∼ 0.7 eV is the barrier height for an ionization/hopping/reduction process, ε is the electric field, α ∼ 1 is a unit-less parameter that defines the efficiency that the electric field lowers the ionization/hopping/reduction barrier height [9] , [14] , a ∼ 0.45 nm is the grid spacing between adjacent oxide sites, kT is the thermal energy, and γ 0 is the rate constant, whose order of magnitude can be estimated as kT/ h ∼ 10 12 to 10 13 s −1 at room temperature, where h is Planck's constant. The 3-D KMC simulation solves the metal ion transport problem stochastically in a 3-D grid. It starts by calculating the rates of ionization/hopping/reduction processes. According to the total rates, a random number is generated to determine the event time
where r is a random number uniformly distributed between 0 and 1, and the total rate of all ionization, hopping, and reduction events is γ tot = s,e=i,h,r γ s,e , where the event index e runs through ionization (i ), hopping (h), and reduction (r ), and s is the atom or ion index involved in the event.
Next, another random number is generated to select the event, with the probability of an event e = i, h, r at the site s proportional to its rate γ s,e P s,e = γ s,e /γ tot (3) and the event takes place with an update of metal ion profile. The procedure continues till the end of the simulation time.
The simulation can conveniently treat time-dependent applied voltage and describe the stochastic switching nature of the CBRAM devices. The I -V characteristics are determined by electron transport through the metal atoms. It can be described by trapassisted tunneling, in which the metal atom induces continuous states in the bandgap region of the tunneling oxide. Here, a resistor network model was used to simplify the description of electron transport. When metal atoms are in presence at two adjacent sites, the resistance value between the sites is set to a low-resistance value R L . A tunneling model indicates that the resistance exponentially increases as a function of the tunneling distance between metal atoms. When two adjacent sites are not both occupied by metal atoms, the connecting resistor is set to a high resistance value R H for simplicity [15] . The approximation is sufficient to model the experimental hysteric I -V features in this paper. The approximation of using binary values for the adjacent connecting resistors is similar to what has been previously used in the random circuit breaker model [16] . The voltage profile is obtained by solving the current continuity equation for the resistor network model
for any nonboundary node i , where R i, j is the resistance between the adjacent nodes i and j in the resistor network.
For the boundary nodes, Dirichlet boundary condition which specifies the node voltage is applied. The solved potential values are used in calculating the hopping rates in the 3-D MC simulation.
To model Joule heating effect [8] , [9] , [11] , [12] , [17] , the temperature rise in the device is computed as T = I V R th , where I and V are the current and voltage, respectively, and R th is the thermal resistance. The operational current of atomically thin CBRAM devices, with I < 0.1 nA, is orders of magnitude lower compared to conventional CBRAM devices, as discussed later with the operational voltage V bias ∼1 V. The power dissipation I V < 0.1 nW, which is on the orders of magnitude lower than conventional CBRAM [8] , [9] , [11] , [12] . As a result, the temperature rise T 1K is small, which indicates negligible selfheating effects. The switching characteristics in atomically thin CBRAM cells are driven by electric field instead of Joule heating.
Linear increase of the set voltage as a function of oxide thickness as observed in the experiment [13] indicates that the entire filament connects and disconnects during the switching process for the aggressively scaled, atomically thin CBRAM cells studied here. Hence, the intrinsic filament formation energy of the CB can be estimated by E form = MZqV set . Here M is the number of the metal atoms transporting from active electrode (AE) to bottom electrode (BE), Z is the cation charge number, and V set is the set voltage. The model has uncertainty of the ionization/hopping/reduction barrier height and rate constant parameters, but it is sufficient to study the qualitative scaling trends as a function of the oxide thickness, which is insensitive to the exact values of the parameters.
B. Experiment
Each exfoliated few-layer h-BN sheet is oxidized by a low-power gentle oxygen plasma treatment (Evactron Plasma Decontaminator, 12-W power, 200-mTorr O 2 pressure, and 15-30-s time) before being transferred onto a multilayer graphene sheet that serves as a thin, smooth, and conformal BE of the device. The 40-nm silver is subsequently deposited as the AE [ Fig. 1(a) ]. The top electrodes are fabricated by e-beam lithography patterning followed by Ag metallization and liftoff. The devices are measured at ambient condition using a Lakeshore probestation and a Keysight B1500A parameter analyzer. Fig. 1(a) shows the schematic of the studied ultimate-scaled CBRAM device, in which silver is used as the top AE and graphene serves as a flat, inert electrode. A partially oxidized h-BN sheet is chosen as the switching layer, whose thickness is in the range of 0.9-2.3 nm. After the oxygen plasma treatment, the h-BN sheet becomes oxidized and is fully amorphous, consistent with the vanishing of the E 2g Raman peak [ Fig. 1(b) ] that only exist in the crystalline h-BN structure. We use BNO x to denote the amorphized boron oxide material in the following text. Atomic force microscope (AFM) image and line scan of height show that the BNO x layer is ∼0.9 nm [ Fig. 1(c) ]. Fig. 1(d) shows an STEM image of a cross section of the CBRAM. It also confirms that a t BNO x ∼0.9-nm amorphous BNO x is sandwiched between the Ag top electrode and a fivelayer graphene BE.
III. RESULTS AND DISCUSSION

A. Filament Morphology and I-V Characteristics
The morphology of the CB in the atomically thin CBRAM cell is studied next. Fig. 2 shows the simulated filament morphology of the CBRAM with N = 2 atomic layers of the BNO x sites (t BNO x ∼0.9 nm), compared with those of N = 5 (t BNO x ∼2.3 nm) and N = 10 (t BNO x ∼4.5 nm) layers of the oxide sites after the set process. The current compliance is ∼90 pA for all the CBRAMs with a different BNO x thickness. The results show that an atomically thin filament down to a single atom width can be formed for the memory cell with a ∼0.9-nm BNO x layer, as illustrated in Fig. 2(a) . As the thickness increases from ∼0.9 to ∼4.5 nm, the diameter of the filament increases considerably due to the lateral growth before the CB formation. Different from previously studied CBRAM cells, the atomically thin, sub-nanometer BNO x layer can result in the formation of atomically narrow filament down to a single atomistic chain, which represents the ultimate size limit of a CB. The switching I -V characteristics are simulated and compared to experiment next. Fig. 3(a) presents the I -V characteristics of a fabricated CBRAM with ∼0.9-nm BNO x with three set-reset loops. The simulated set and reset I -V characteristics of the CBRAM with ∼0.9-nm BNO x are shown in Fig. 3(b) , which shows good agreement to the experimental I -V characteristics. A low-current compliance (I C ) ∼90 pA is used for both experiment and simulation. The resistance values R H ∼ 2 × 10 15 and R L ∼ 10 8 are used in the resistor network in simulation. The results show a low set voltage of ∼0.6 V and reset voltage of ∼0.26 V. In addition, a memory window larger than 1000 can be obtained even at such low ON-current, which is desired for the circuit design. Simulated 3-D morphologies at each step in a set-reset cycle are shown in Fig. 3(c) . At the beginning of set process, there is no metal atom in the switching layer as in step (1).
Step (2) is right before filament formation, and metal atoms exist in BNO x layer due to cation migration. After set, a single atom chain is formed in the switching layer as shown in step (3).
Step (4) illustrated that the filament is ruptured after applying a small negative bias voltage. Eventually, the device is reset with filament completely removed, as in step (5). For atomically thin CBRAM cells, a reset cycle can result in complete rupture of the atomically thin filament, which is different from conventional CBRAM cells.
Next, the difference between the forming and set voltage in atomically thin CBRAM cells is studied. The distribution and cumulative probability of the forming and set voltage are shown in Fig. 4 . The distribution of set voltage shows similar values as that of forming voltage, as shown in Fig. 4(a) . Fig. 4(b) shows that the medium value of the forming voltage Step (1) is the starting morphology of set process, step (2) is right before filament formation, step (3) is after set process, step (4) is right after filament rupture, and step (5) is after reset.
is 0.64 V, which is only slightly larger than that of the set voltage of 0.60 V. In comparison, in conventional CBRAM cells, the difference between the forming and set voltages is considerably larger.
In order to understand this difference between atomically thin and conventional CBRAM cells, the evolution of the morphology of an N = 2 CBRAM cell is compared with a thicker CBRAM cell with N = 10, as shown in Fig. 5 . Fig. 5(a) shows the 3-D morphologies of CBRAM with t BNOx ∼0.9 nm after forming, reset, and set processes. Because 3-D morphologies for CBRAMs after form, reset, and set processes for (a) two layers of oxide sites (t BNOx ∼0.9 nm) and (b)10 layers of oxide sites (t BNOx ∼4.5 nm) with current compliance ∼90 pA. Complete filament removal is observed in (a); hence, form and set steps are similar. Meantime, partial filament rupture is demonstrated in a thicker device; reset and set processes are to rupture and reconnect the gap in the switching layer as in (b).
of the ultrathin switching layer, complete filament removal is observed in the reset process, which indicates that the set process has little difference with forming process. On the contrary, for a CBRAM cell with t BNOx ∼4.5 nm as illustrated in Fig. 5(b) , the forming process requires establishing the complete filament from a virgin device without metal atoms in the switching layer. The reset process only creates a small gap, and a large fraction of the filament remains. As a result, the set process requires a much smaller voltage compared to the forming process. Different from CBRAM cells with larger sizes, the forming and set voltages are close for an aggressively scaled CBRAM device with sub-nanometer resistive layer.
B. Scaling Behavior and Variability
The device scaling behaviors and statistical distributions of the device performance metrics, such as the set and rest voltages and times, and intrinsic filament formation energy, are studied next. Fig. 6(a) shows the simulated set and reset voltages as a function of the BNO x layer thickness with I C ∼90 pA. The set voltage increases linearly as the BNO x thickness increases. To explore the variability of the CBRAM cells, the statistical cumulative distributions of the set and reset voltages for a device with ∼0.9- [Fig. 6(b) ] and ∼2.3-nm [ Fig. 6(c) ] BNO x layers are plotted. The ratio between the standard deviation and the average σ/μ increases from 0.07 for the ∼2.3-nm device to 0.095 for the ∼0.9-nm device, which indicates larger variability of the set voltage for a thinner switching oxide layer. Because small negative applied voltage is sufficient to rupture the CB filament, reset voltage is smaller compared to set voltage. The smaller set and reset voltage for CBRAM cells with thinner oxide lower the operation power and energy of the memory cell. Fig. 7(a) shows the scaling behaviors of the normalized set and reset times with I C ∼90 pA. The set and reset times normalized to a time constant that is inversely proportional to the rate constant γ 0h,i are plotted. The average set time increases as the BNO x layer thickness increases due to the larger numbers of hopping/ionization events required to form a CB and smaller electric field in a thicker BNO x layer. The statistical cumulative distributions of the set and reset times for a device with ∼0.9-and ∼2.3-nm BNO x layers are shown in Fig. 7(b) and (c), respectively. The reset time is smaller than set time because of the smaller numbers of hopping events required to break a CB filament rather than forming the CB.
To explore the ultimate theoretical limits of energy consumption of the atomically thin CBRAM cells, the simulated intrinsic CB filament formation energy versus BNO x thickness is plotted in Fig. 8(a) . The low set voltage and atomically thin CB filament for the aggressively scaled, sub-nanometer-thick CBRAM cells result in extremely low-intrinsic CB formation energy on the order of ∼1 aJ. The value increases by about an order of magnitude as the oxide sites layer number N increases from 2 to 5. This is because the filament grows both vertically and horizontally as the switching layer thickness increases, hence a larger set voltage is needed and more metal atoms are involved in the filament formation. The cumulative distributions of the intrinsic filament formation energy for the ∼0.9-and ∼2.3-nm BNO x devices are shown in Fig. 8(b) . The results show increased variability of filament formation energy for the sub-nanometer CBRAM cell. Scaling down the switching layer results in lower operation voltages, shorter set time, and reduced intrinsic energy dissipation for filament formation down to ∼1 aJ. It, however, results in larger relative variability.
C. Retention and Endurance
The retention behavior of the memory cell is studied next. The experimentally measured data retention of a fabricated device with ∼0.9-nm BNO x layer is shown in Fig. 9(a) . The data are read at 0.18 V without applying current compliance for both the high-resistance state (HRS) and the low-resistance state (LRS) at 85°C. It shows that this ultralow switching energy device has good data retention at elevated temperature. Fig. 9(b) presents the LRS and HRS current during 100 continuous set-reset dc cycles, with a reading voltage of 0.15 V and current compliance of ∼90 pA. The results indicate good stability of the filament formed at a very low compliance current.
D. Validity of 2-D KMC Simulation
Finally, we examine the validity of the 2-D KMC simulations, which were widely used to simulate CBRAM cells. 
IV. CONCLUSION
Atomically thin CBRAM cells with sub-nanometer-thick switching layer enabled by 2-D materials are studied theoretically and experimentally. The 3-D KMC simulations show that a filament down to a single atomistic chain size can be formed for a CBRAM with a ∼0.9-nm-thick BNO x layer, with the intrinsic filament formation energy down to ∼1 aJ. Different from conventional CBRAM cells, a reset bias can result in complete rupture of the filament, and the set voltage is close to the forming voltage in an atomically thin CBRAM cell.
Systematically studies of scaling behaviors for a switching layer thickness scales to sub-nanometer regime are performed. While aggressive scaling of CBRAM cells enabled by 2-D materials promises low-energy dissipation, reduced forming, set, and reset voltages, and improved switching speed, it, at the same time, results in increased variability.
